Leukocyte-induced DNA damage may partially account for the known association between chronic inflammation and malignancy. Since elucidation of the chemical nature of leukocyte-induced DNA damage may enhance our understanding of the mechanisms underlying leukocyte-induced DNA damage and the carcinogenesis associated with inflammation, the present study was undertaken to characterize the chemical modifications that occur in DNA exposed to stimulated human neutrophils. Calf thymus DNA was exposed to phorbol myristate acetate (PMA)-stimulated neutrophils in the presence or absence of exogenously added iron ions. DNA samples were subsequently hydrolyzed, derivatized and analyzed by gas chromatography-mass spectrometry with selected-ion monitoring. A variety of base modifications including cytosine glycol, thymine glycol, 4,6-diamino-5-formamidopyrimidine, 8-hydroxyadenine, 2,6-diamino-4-hydroxy-5-formamidopyrimidine, and 8-hydroxyguanine were identified. The yield of these various base products was increased by the addition of iron ions. Specifically, in the presence of physiologic quantities of iron ions, approximately 7 of every 1,000 DNA bases were modified. Addition of the superoxide anion scavenger, superoxide dismutase, the hydrogen peroxide scavenger, catalase, the hydroxyl scavenger, dimethylsulfoxide, or the iron chelator, deferoxamine, to DNA mixtures containing PMA, neutrophils, and iron ions, greatly decreased the yield of the damaged DNA base products. Our results indicate that stimulated human neutrophils can damage each of the four bases in DNA. It is likely that hydroxyl radical, generated via an iron catalyzed Haber-Weiss reaction, mediates neutrophil-induced […] 
Introduction
Leukocyte-induced DNA damage may partially account for the known association between chronic inflammation and malignancy. Since elucidation of the chemical nature of leukocyteinduced DNA damage may enhance our understanding of the mechanisms underlying leukocyte-induced DNA damage and the carcinogenesis associated with inflammation, the present study was undertaken to characterize the chemical modifications that occur in DNA exposed to stimulated human neutrophils. Calf thymus DNA was exposed to phorbol myristate acetate (PMA)-stimulated neutrophils in the presence or absence of exogenously added iron ions. DNA samples were subsequently hydrolyzed, derivatized and analyzed by gas chromatography-mass spectrometry with selected-ion monitoring. A variety of base modifications including cytosine glycol, thymine glycol, 4,6-diamino-5-formamidopyrimidine, 8-hydroxyadenine, 2,6-diamino-4-hydroxy-5-formamidopyrimidine, and 8-hydroxyguanine were identified. The yield of these various base products was increased by the addition of iron ions. Specifically, in the presence of physiologic quantities of iron ions, -7 of every 1,000 DNA bases were modified. Addition of the superoxide anion scavenger, superoxide dismutase, the hydrogen peroxide scavenger, catalase, the hydroxyl scavenger, dimethylsulfoxide, or the iron chelator, deferoxamine, to DNA mixtures containing PMA, neutrophils, and iron ions, greatly decreased the yield of the damaged DNA base products. Our results indicate that stimulated human neutrophils can damage each of the four bases in DNA. It is likely that hydroxyl radical, generated via an iron catalyzed Haber-Weiss reaction, mediates neutrophil-induced DNA base damage, since: (a) the chemical structure of neutrophil-induced DNA base damage is consistent with a hydroxyl radical-mediated mechanism, (b) hydroxyl radical generated via ionizing radiation in aqueous solution produces DNA base modifications that are identical to neutrophil-induced DNA base modifications, (c) iron ions increase neutrophil-induced DNA base damage, and (d) iron chelators or scavengers of superoxide anion, hydrogen peroxide or hydroxyl radical decrease neutrophil-induced DNA base damage.
Chronic inflammation is associated with an increased incidence of malignancy (1) (2) (3) (4) . This association has led to speculations that inflammatory leukocytes might contribute to carcinogenesis, and this premise is supported by a recent study that demonstrated that stimulated neutrophils can transform cells in culture (5, and our own unpublished observations). Previous studies have demonstrated that oxidants generated by stimulated leukocytes can induce DNA strand breaks, sister chromatid exchanges, mutations, or damage to guanine or thymine bases in cells or in isolated DNA (6-13). The predominant extracellular oxidant responsible for neutrophil-induced DNA damage in target cells appears to be hydrogen peroxide, (H202) (14, 15) . Data indicate that H202 diffuses into cells, and in the presence of a transition metal ion such as iron ion, generates hydroxyl radicals ('OH) in close proximity to DNA (14, 15) . Hydroxyl radicals could, therefore, be the intracellular oxidant ultimately responsible for DNA damage (14) (15) (16) (17) . Since elucidation of the chemical nature of neutrophil-induced DNA damage may enhance our understanding of the mechanisms underlying neutrophil-induced DNA damage and the carcinogenesis associated with inflammation, the present study was undertaken to characterize the chemical modifications that occur in DNA exposed to stimulated human neutrophils.
Methods
Separation andpurification ofhuman neutrophils. Blood was obtained from healthy human donors and anticoagulated with acid citrate dextrose. Neutrophils were separated and purified from fresh human blood by counterflow centrifugal elutriation, as previously described ( 18 Chemical characterization ofDNA base damage. Hydrolyzed and derivatized DNA samples were analyzed by gas chromatography-mass spectrometry with selected-ion monitoring (GC-MS/SIM)' according to previously described methods (19, 20) . Briefly, for analysis of DNA samples, a mass selective detector controlled by a computer work station and interfaced to a gas chromatograph (all instruments from Hewlett-Packard Co., Avondale, PA, with model numbers 5970B, 59970C, and 5890A, respectively) was used. The injection port and the ion source were kept at 250'C. The GC-MS interface was maintained at 270'C. Separations were carried out on a fused silica capillary column (12.5 m X 0.32 mm i.d.) coated with crosslinked 5% phenyl methyl silicone gum phase (film thickness, 0.17 MAm). The column was programmed from 1200 to 250'C at 80C/min, after 2 min at 120'C. Helium was used as the carrier gas at an inlet pressure of 10 kPa. Samples were injected using the split mode. Mass spectra were obtained at 70 eV. Authentic samples of isobarbituric acid (5-hydroxyuracil, Sigma), 4,6-diamino-5-formamidopyrimidine (Sigma), and 2-amino-6,8-dihydroxy-purine (8-hydroxyguanine; Chemical Dynamics Corp., South Plainfield, NJ), were available commercially. 8-hydroxyadenine and 2,6-diamino-4-hydroxy-5-formamidopyrimidine were synthesized as previously described (21) . Thymine glycol was kindly provided by Dr. W. F. Blakely of the Armed Forces Radiobiology Research Institute, Bethesda, MD.
Quantitation ofDNA base damage. DNA base products were quantitatively measured using 6-azathymine and 8-azaadenine (both from Sigma Chemical Co.) as internal standards, and using the GC-MS/SIM technique as previously described (21) . Aliquots of the internal standards were added to aliquots of DNA samples. The samples were then lyophilized, hydrolyzed, trimethylsilylated, and analyzed by GC-MS/ SIM. Ion currents of the typical ions of the DNA base products were monitored along with those of the m/z 256 ion of the trimethyl-silyl derivative of 6-azathymine, and the m/z 265 ion of the trimethylsilyl derivative of 8-azaadenine.
Measurement ofoxidant release from stimulated neutrophils. Oxidant release from stimulated neutrophils was assessed by measuring superoxide anion (°2) or H202 production. Neutrophils (4 X 106/ml) were incubated with PMA (500 ng/ml) in the presence or absence of deferoxamine (500 MM) or DMSO (375 mM) for 30 min at 37°C. 02 production was measured by assaying superoxide dismutase inhibitable cytochrome c reduction (22) , and H202 production was measured by fluorescence spectroscopy utilizing the peroxidase parahydroxyphenyl acetic acid assay (23) .
Results
Chemical characterization ofDNA base damage. Fig. 1 A and B illustrates the ion-current profiles at mass/charge (m/z) 329, 328, 259, 354, 352, 442, and 440 obtained by GC-MS/SIM analysis of DNA exposed to PMA-stimulated neutrophils in the presence of iron ions, and untreated DNA, respectively. Peaks 1-8 were identified as the trimethylsilyl (Me3Si) derivatives of 5-hydroxyuracil, 5-hydroxycytosine, cis-thymine glycol, trans-thymine glycol, 4,6-diamino-5-formamidopyrimidine, 8 -hydroxyadenine, 2,6-diamino-4-hydroxy-5-formamidopyrimidine, and 8-hydroxyguanine, respectively. The compounds 5-hydroxyuracil and 5-hydroxycytosine result from either the dehydration and deamination, or dehydration, respectively, of cytosine glycol, which is the actual OH induced product of cytosine (19) . The chemical structures of these modified DNA bases are shown in Fig. 2. Although Fig. 1 1. Abbreviations used in this paper: GC-MS/SIM, gas chromatography-mass spectrometry with selected-ion monitoring. A illustrates only one ion for each compound, a number of characteristic ions from the known mass spectra of each compound (20, 24) were monitored at the various time intervals indicated by the arrows in Fig. 1 A. For identification, partial mass spectra obtained from peaks 1 to 8 were compared with spectra obtained from authentic compounds. As an example, Fig. 1 A. This spectrum can be directly correlated to the mass spectrum of the Me3Si derivative of 4,6-diamino-5-formamidopyrimidine, illustrated in Fig. 3 B . Similarly, the partial mass spectra obtained from peaks 1-4, and 6-8 were also correlated to the mass spectra of the corresponding authentic compounds (data not shown). Quantitation ofDNA base damage. The yields of the base products in various DNA samples are illustrated in Fig. 4 . Low quantities of the DNA base products were seen in untreated DNA. The presence of low quantities of typical OH induced base products in untreated DNA has been reported previously (25) . DNA treated with FeSO4/EDTA, PMA, or unstimulated neutrophils, also had low quantities of these products. In contrast, DNA exposed to PMA-stimulated neutrophils had greater quantities of DNA base products, which were further increased by the addition of FeSO4/EDTA to incubation mixtures.
The effect of the 'OH scavenger, DMSO, the iron chelator, deferoxamine, the O°scavenger, SOD, or the H202 scavenger, catalase, on the yields of DNA base products in DNA exposed to PMA, neutrophils and FeSO4/EDTA is shown in Table I leased from PMA-stimulated neutrophils incubated in the absence of DMSO.
Discussion
The GC-MS/SIM data presented in this work indicate that stimulated neutrophils can damage each of the four bases in DNA. In the presence of physiologic amounts of neutrophils and iron ions, -7 of every 1,000 DNA bases were modified. Two of the base products identified in the present study have previously been reported to occur in DNA exposed to or extracted from stimulated neutrophils (1 1, 12) . Our study differs from these previous studies in several major ways. First, these previous studies identified only two (8-hydroxyguanine and thymine glycol) ofthe six base products identified in our study. Moreover, since it has not been previously demonstrated that neutrophils can damage adenine or cytosine, our study is, as far as we know, the first report that demonstrates that stimulated neutrophils can damage each of the four bases in DNA. Second, our study documents the quantity of neutrophil-induced DNA damage that occurs to each of the four DNA bases. As can be seen in Fig. 4, 8-hydroxyguanine, 8 -hydroxyadenine, and cytosine glycol appear to be major neutrophilinduced DNA base damage products, followed by 2,6-diamino-4-hydroxy-5-formamidopyrimidine, thymine glycol, and 4,6-diamino-5-formamidopyrimidine. Third, previous investigators utilized HPLC with ultraviolet, radiochemical, and/or electrochemical detection (11, 12) to detect neutrophil-induced DNA base modifications, and identification of these modified bases was based solely on the observation of peaks that co-eluted with known standards. Although these HPLC methods are certainly useful, the possibility exists that compounds other than modified bases could co-elute with standards and be erroneously identified as modified bases. These HPLC techniques do not, therefore, provide definitive proof that these modified DNA bases were formed in the pres- ence of stimulated neutrophils. We believe that the GC-MS/ SIM method employed in this work is superior to the aforementioned HPLC methods, since the identification of modified bases is not only based on the co-elution of compounds with known standards, but is also directly confirmed by comparing the mass spectra of these compounds with the mass spectra of known standards. In this regard, it should be noted that another thymine base product, 5-hydroxymethyluracil, which was previously detected by HPLC in single-stranded DNA exposed to stimulated neutrophils (1 1), was not detected in this study. Since the GC-MS technique is capable of detecting this compound (24), it appears that under our experimental conditions 5-hydroxymethyluracil was either not formed, or was formed in levels below the limit of detectability. Several lines of evidence suggest that OH may be responsible for neutrophil-induced DNA base damage. First, addition of the OH scavenger, DMSO, significantly decreased the yield of each of the neutrophil-induced DNA base products. Second, addition of the O°scavenger, SOD, or the H202 scavenger, catalase, (but not heat-inactivated SOD or catalase) decreased the quantity of neutrophil-induced DNA base damage. Since both O°and H202 are required to generate OH via the iron catalyzed Haber-Weiss reaction:
O2 + Fe3+ 2+ Fe2+ H202 + Fe2+ 'OH + OH-+ Fe3+ (26, 27) , SOD and catalase likely decreased neutrophil-induced DNA base damage by decreasing-OH production. Third, addition of physiologic quantities of iron ions significantly increased the quantity of neutrophil-induced DNA base damage. Since iron ions serve as catalysts for OH production in the modified Haber-Weiss reaction, iron ions likely increased neutrophilinduced DNA base damage by increasing'OH production. The small amount of DNA base damage observed in the presence of stimulated neutrophils, but in the absence of exogenously added iron ions, likely reflects contamination of DNA and/or buffer solutions with trace amounts of metal ions. This premise is supported by the observation that DNA exposed to high concentrations of H202 (50-400 mM) in buffer in which contaminating iron ions had not been removed developed a pattern of base modifications characteristic of OH. iron chelator, deferoxamine, prevented neutrophil-induced DNA base damage (Table I ). Since iron chelated by deferoxamine can not effectively catalyze OH production, deferoxamine likely decreased neutrophil-induced DNA base damage by decreasing OH production. Fifth, each of the base modifications that we detected in DNA exposed to stimulated neutrophils has been previously detected in DNA exposed to ionizing radiation in nitrous oxide (N20)-saturated aqueous solutions (20) . Ionizing radiation in N20-saturated aqueous solutions generates -90% OH and 10% hydrogen atoms (H) (28) . Accordingly, the vast majority of DNA base modifications induced by ionizing radiation in N20 saturated aqueous solutions are secondary to 0OH formation, and only a few DNA base modifications are secondary to H-formation (20) . Since each of the base modifications detected in DNA exposed to stimulated neutrophils were identical to base modifications known to be induced by ionizing radiation-generated-OH, and none of the base modifications known to be induced by ionizing radiation-generated H were detected in DNA exposed to stimulated neutrophils; these observations provide further support that OH likely mediates neutrophil-induced DNA base damage.
Interestingly, the relative quantities of OH-mediated, neutrophil-induced DNA base damage products (Fig. 4) differ from the relative quantities of DNA base damage products induced by radiation generated 0OH. (Measurement of radiation-induced base products in DNA was performed by GC-MS/SIM under conditions identical to those employed to measure neutrophil-induced base products in DNA.3) 8-hydroxyguanine and 2,6-diamino-4-hydroxy-5-formamidopyrimidine are the major base products detected when doublestranded DNA is exposed to radiation-generated 0OH in N20 saturated aqueous solutions.3 The yields of these two major products are followed by roughly equal yields of cytosine glycol, thymine glycol, and 4,6-diamino-5-formamidopyrimidine, and these products are followed by 8-hydroxyadenine, which has the lowest yield of all ofthe radiation-induced DNA base products.3 In contrast, 8-hydroxyadenine is a major product while 2,6-diamino-4-hydroxy-5-formamidopyrimidine, 4,6-diamino-5-formamidopyrimidine and thymine glycol appear to be only minor products of neutrophil-induced DNA base damage. The reason for these apparent differences in the sensitivity of DNA bases to OH generated by stimulated neutrophils as opposed to ionizing radiation is unknown. It is possible, however, that these differences may reflect the different mechanisms of OH production with stimulated neutrophils vs. ionizing radiation. For instance, radiation of DNA in aqueous solution could conceivably generate *OH at any point along the DNA, while stimulated neutrophils might only be expected to generate 0OH at sites along the DNA where iron ions and neutrophil-derived oxidants are within a distance of 6 nm of the DNA.
The ability of SOD, catalase or deferoxamine to prevent DNA damage in the present study suggests that O2, H202, and iron ions must all be present in close proximity to the DNA for DNA damage to occur. Similarly, the extremely high concentrations of reagent H202 (50-400 mM) required to cause base damage of isolated DNA in the absence of exogenously added O°or iron ions,2 underscores the importance of all three of these components in isolated DNA model systems. However, in the case of intact cells, O°may not be required for DNA damage, since intact cells contain other reductants which could potentially substitute for O°and reduce Fe3" to Fe2+. It is likely, therefore, that neutrophil-derived H202 diffuses into cells, reacts with Fe>2 that is either in close proximity to or bound to DNA, and generates OH, which can in turn cause DNA base damage (14, 15) .
The concentration of neutrophils employed in the present study causes potentially reversible cell injury (10) . Although DNA damage in living cells is subject to cellular repair (10, 29) , DNA damage may occasionally escape repair, or its repair may be incorrect. In these instances, unrepaired or mis-repaired DNA damage could have deleterious consequences. For example, recent studies with several DNA base damage products (8-hydroxyguanine, thymine glycol, and 5-hydroxymethyluracil) have demonstrated that these modified bases can cause DNA base mispairing and/or constitute replicative blocks to DNA synthesis by DNA polymerases (30) (31) (32) (33) . In addition, previous studies have demonstrated that stimulated neutrophils transform mouse fibroblast cells into malignant cells (5, and our own unpublished observations). These studies suggest that neutrophil-induced DNA base damage could underlie gene modifications that could ultimately promote cellular transformation. Neutrophil-induced DNA base damage, likely mediated by OH, may, therefore, form the basis (at least in part) for the known relationship between chronic inflammation and malignancy.
